Mobile sources are among the largest contributors of four hazardous air pollutants-benzene, 1,3-butadiene, acetaldehyde, and formaldehyde-in urban areas. At the same time, federal and state governments are promoting the use of alternative fuel vehicles as a means to curb local air pollution. As yet, the impact of this movement toward alternative fuels with respect to toxic emissions has not been well studied. The purpose of this paper is to compare toxic emissions from vehicles operating on a variety of fuels, including reformulated gasoline (RFG), natural gas, ethanol, methanol, liquid petroleum gas (LPG), and electricity. This study uses a version of Argonne National Laboratory's Greenhouse Gas, Regulated Emissions, and Energy Use in Transportation (GREET) model, appropriately modified to estimate toxic emissions. The GREET model conducts a total fuel-cycle analysis that calculates emissions from both downstream (e.g., operation of the vehicle) and upstream (e.g., fuel production and distribution) stages of the fuel cycle. We find that almost all of the fuels studied reduce 1,3-butadiene emissions compared with conventional gasoline (CG). However, the use of ethanol in E85 (fuel made with 85% ethanol) or RFG leads to increased acetaldehyde emissions, and the use of methanol, ethanol, and compressed natural gas (CNG) may result in increased formaldehyde emissions. When the modeling results for the four air toxics are considered together with their cancer risk factors, all the fuels and vehicle technologies show air toxic emission reduction benefits.
INTRODUCTION
Purpose Recent analyses indicate that, in many parts of the country, mobile sources are responsible for the majority of certain air toxic emissions. [1] [2] [3] These airborne pollutants are either carcinogenic or pose some other significant human health threat. Mobile source air toxics (MSATs) are attributed to vehicles operating on petroleum-based fuels that release a variety of complex chemicals when burned or evaporated. Four of the more common mobile air toxics are acetaldehyde, benzene, 1,3-butadiene, and formaldehyde.
Expected future contributions of MSATs to air pollutant concentrations will be a function of the types of fuels and vehicles in use. In many parts of the country, the use of alternative fuel vehicles (AFVs) that operate on non-petroleum-based fuels is emerging. The purpose of this paper is to examine total fuel-cycle toxic emissions from conventional gasoline (CG) vehicles and AFVs. Total fuel-cycle emissions include emissions not only from vehicle operation, but also from feedstock processing and fuel production and distribution. For our analysis, we employ the Greenhouse Gas, Regulated Emissions, and Energy Use in Transportation model (GREET) developed at Argonne National Laboratory. 4 Although GREET does not currently include toxic components, we have modified it to evaluate acetaldehyde, benzene, 1,3-butadiene, and formaldehyde emissions. The specific modifications to GREET are discussed later.
This paper quantifies total fuel-cycle toxic emissions from near-term light-duty vehicles (LDVs) operating on a number of conventional and alternative fuels. The fuels and vehicle technologies analyzed in this paper are shown in Table 1 . We include internal combustion engine (ICE) vehicles, electric vehicles (EVs), and hybrid-electric vehicles (HEVs). These vehicles are already in the marketplace. We do not include fuel cell vehicles because they are still in the research and development stage. They are a long-term technology that may be in the marketplace after 2010.
For each of the fuels in Table 1 , air toxic emissions are calculated for upstream and downstream processes. Upstream emissions emanate from fuel combustion occurring throughout feedstock recovery and fuel production processes; noncombustion fuel production processes (such as emissions from venting during petroleum refining); and transportation, storage, and distribution (TS&D) of feedstock and fuel. Downstream processes include vehicle fueling and operation. Through this analysis, we can estimate the total, urban, and nonurban emissions of the four important air toxics mentioned previously along various AFV fuel cycles.
Air Toxics and Mobile Sources
Section 112 of the Clean Air Act Amendments of 1990 (CAAA) tasked the U.S. Environmental Protection Agency (EPA) with regulating 188 hazardous air pollutants (HAPs) that present a "significant risk" to human health. As part of that regulatory effort, EPA identified 33 of the most threatening air toxics for urban areas. 5 In addition, Section 202(l)(2) of the CAAA charged EPA with developing control standards for MSATs. Based on estimates of exposure and carcinogenicity, EPA identified a list of 21 critical MSATs and upgraded inventory estimates for these pollutants for 1996. 6 The four air toxics in our study-acetaldehyde, benzene, 1,3-butadiene, and formaldehyde-are highlighted by EPA as important gaseous MSATs generated primarily by mobile sources. Using the most recent data (1996) , EPA estimates that 29% of total acetaldehyde emissions, 48% of benzene emissions, 42% of butadiene emissions, and 24% of formaldehyde emissions are from on-highway mobile sources. 2, 6 These gaseous MSATs are either presumed or known carcinogens. The expected numbers of additional annual cancer deaths due to exposure to the mobile source contributions of these four pollutants are shown in Table 2 ; these values were determined by EPA in a study conducted in 1993. 1 This table also lists each pollutant's Cancer Unit Risk Estimate (CURE). The CURE represents the increased lifetime cancer risk due to a continuous lifetime (i.e., 70-year) exposure to a 1.0-µg/m 3 increase in concentration. 7, 8 For example, the CURE for acetaldehyde implies an increased risk of cancer of 2.2 × 10 -6 for every 1.0-µg/m 3 increase in lifetime exposure. These CURE values are taken from the most recent EPA estimates unless otherwise noted. 9 In addition to the four pollutants examined in our study, Table 2 also includes diesel PM, because PM may be a major cause of cancer in urban areas. Earlier versions of GREET include PM fuel-cycle emissions estimates. 4 We include PM in Table 2 to allow readers to compare the relative toxicity of PM to that of the other four pollutants. As the table shows, if the PM CURE value adopted by EPA in 1993 is used, the number of PM-caused cancer deaths is smaller than the number caused by 1,3-butadiene. However, the California Air Resources Board (CARB) recently concluded that the PM CURE is much higher than previously estimated. 10 If the CARB-adopted CURE value for PM is used, the number of cancer deaths caused by PM would be much higher than the number caused by the four air toxics combined.
In a recently published study on the cancer risk from inhaled hazardous air pollutants based on 1990 exposure estimates, Woodruff et al. concluded that polycyclic organic matter (the major carcinogenic constituent in diesel PM) was responsible for 40% of total estimated lifetime HAP cancer cases. 11 Butadiene, formaldehyde, and benzene were responsible for 17, 8, and 7% of these cancer cases, respectively. These differences are due to a combination of PM's different CURE values and the higher exposure levels associated with PM. Obviously, there is a large uncertainty in the PM CURE value, and the evaluation of PM emissions is beyond the scope of this paper. It should also be noted that the toxic pollutants studied pose other health problems beyond their carcinogenic effects, although carcinogenic potential has been the driver behind the most recent EPA investigations. In addition, there are other toxics associated with the total fuel cycle of AFVs that we do not consider in this paper (e.g., mercury emissions from generating electricity to power EVs).
Air Toxic Descriptions
Each of the toxic air pollutants studied in this paper is either a known or probable human carcinogen. A detailed description of each air toxic is beyond the scope of this paper, but such information can be found in other resources, as well as on EPA's Integrated Risk Information System database. 6, 9 For the purpose of this paper, we present a brief description of each air toxic. Note that the emissions inventory data presented below are from EPA's 1999 inventory effort 13 as updated by other analyses 6 aimed at identifying 1996 emissions levels. Table 3 includes summary information about each of the air toxics studied, including their mobile source contributions. Each of the pollutants is discussed in more detail following Table 3 .
Acetaldehyde. EPA has identified acetaldehyde as a B2 probable human carcinogen. 9 Acetaldehyde is formed during the incomplete combustion of HC-based fuels. It is present as a primary pollutant in tailpipe emissions from both gasoline and diesel vehicles. EPA estimates that on-road vehicles emitted ~29% (28,700 tons/year) of total acetaldehyde in 1996. 6 In addition, acetaldehyde can be formed as a secondary pollutant in the atmosphere. Under the right conditions, volatile organic compound (VOC) precursors react to form acetaldehyde. Currently, there is much ongoing debate and research regarding the secondary formation of acetaldehyde. 6, 14 In recent exposure assessment work, EPA has demonstrated that monitored ambient acetaldehyde concentrations are, in some instances, much higher than those predicted by EPA models. 2 This implies that secondary acetaldehyde formation is an important consideration in conducting MSAT risk assessments. For this study, we consider only primary acetaldehyde emissions; as better data become available, we may include secondary acetaldehyde formation in future fuel-cycle analysis.
Benzene. EPA has classified benzene as a Group A known human carcinogen based on various human epidemiologic studies focusing on occupational inhalation exposure. Inventory data for 1996 indicate that the major source of benzene is on-road vehicles, representing ~48% (168,200 tons/year) of the total benzene emissions inventory. 6 Benzene is a volatile component of gasoline and other fuels and is emitted from vehicles both as an exhaust gas and in evaporative emissions. Depending on control technology and fuel type, benzene makes up about 3-5% of total organic gas exhaust emissions and about 1% of evaporative emissions for CG vehicles. Exhaust benzene comes from either unburned benzene or benzene formed during the combustion of other aromatic and nonaromatic compounds found in gasoline. 15 Data show that benzene emissions from motor vehicles come predominantly from gasoline vehicles, with diesel vehicles contributing only ~3% of total mobile source benzene emissions. 16 In addition, evaporative emissions of benzene are relatively small compared with exhaust emissions. 1 Other sources of benzene include biomass combustion, oil and gas production, petroleum refining, and gasoline distribution.
1,3-Butadiene.
EPA has identified butadiene as a B2 probable human carcinogen. 9 EPA estimates that, based on 1996 data, ~42% (23,500 tons/year) of butadiene emissions come from the incomplete combustion of fuel in motor vehicles. 6 Because of low concentrations of butadiene in conventional fuels, the evaporative emissions of butadiene from motor vehicles are assumed to be negligible. 1 Butadiene is also a precursor to acrolein, another important MSAT, but one not addressed in this report.
Formaldehyde. EPA has classified formaldehyde as a B1 probable human carcinogen. 9 Formaldehyde arises from a variety of sources, the most prevalent being the incomplete combustion of fuel in motor vehicles. It is both a primary pollutant and a secondary pollutant, because it is also formed through the oxidation of many organic compounds. EPA estimates that on-road motor vehicles contributed ~24% (83,000 tons/year) of the total primary formaldehyde emissions in 1996. 6 In earlier work, EPA estimated that ~30% of formaldehyde in the atmosphere comes from primary emissions, and the other 70% is from secondary emissions. Of these secondary emissions, EPA estimated that ~35% come from mobile sources. 1 In many situations, the production of secondary formaldehyde emissions may be offset by the destruction of primary formaldehyde emissions. 17 However, as with acetaldehyde, this study focuses only on primary formaldehyde emissions and reserves secondary formaldehyde assessment for future work.
METHODOLOGY
Overview Fuel-cycle emissions are usually separated into two groups: upstream and downstream. Upstream emissions include emissions from all activities associated with recovering and transporting fuel feedstock, as well as refining, storing, and delivering fuel to refueling stations. We separate upstream activities into two groups: feedstock-related stages and fuel-related stages. Downstream emissions, also referred to as vehicle operation stages in this paper, include emissions from vehicle refueling and operation. These components are shown in Figure 1 .
Each stage in the total fuel cycle in Figure 1 includes activities that involve toxic air emissions caused by either fuel combustion during a particular stage or noncombustion emissions, such as evaporation during refueling or fugitive emissions at a refinery. The goal of a total fuel-cycle analysis is to account for each emissions event along the entire fuelcycle chain. In the end, we hope to ascertain the total emissions (upstream and downstream) associated with the consumption of a given amount of fuel in the vehicle. In addition, one must recognize that process fuel consumed at each upstream stage (e.g., in the energy-intensive activity of petroleum refining) also has its own fuel-cycle chain that must be considered. We call these up-upstream processes. Likewise, fuel used to produce the process fuel has an upstream chain associated with it (upup-upstream processes). These upstream chains go on ad infinitum, in what we dub the up n -stream process. Because the amount of fuel used in each chain of the up nstream process grows smaller with each incremental increase in n, the emissions values ultimately converge mathematically on a value that captures all the up n -stream processes. Figure 2 illustrates this concept for three simplified upstream chains where we only consider fuel use in the fuel production process.
The previously mentioned GREET model can be used to calculate emissions from up n -stream and downstream fuel-cycle stages. It is worthwhile to review GREET's approach to better understand the calculations that follow. Much of this discussion is further elaborated in previous peer-reviewed work. 4, 25, 37 GREET calculates Btu/mi energy use and g/mi emissions for different transportation technologies by taking into account energy use and emissions of combustion and noncombustion events in the upstream and downstream stages of the total fuel cycle. The model calculates total energy use (all energy sources), fossil energy use (petroleum, natural gas, and coal), and petroleum use. GREET also calculates emissions of three major greenhouse gases (CO 2 , CH 4 , and N 2 O) and five criteria pollutants (VOCs, CO, NO x , PM 10 , and SO x ).
Upstream emissions of these pollutants are first calculated in g/mmBtu of fuel throughput from each upstream stage. Emissions occurring during a stage include those resulting from process fuel combustion and from noncombustion processes such as chemical reactions, fuel leakage, and evaporation. Emissions from process fuel combustion for a particular upstream stage are calculated using the following formula:
where EM cm,i is combustion emissions of pollutant i in g/mmBtu of fuel throughput, EF i,j,k is the emission factor of pollutant i for process fuel j with combustion technology k (g/mmBtu of fuel burned), and EC j,k is the consumption of process fuel j with combustion technology k (Btu/ mmBtu of fuel throughput). EC j,k for a given stage is calculated in turn using the following formula:
where EC is the total energy consumption for the given stage (in Btu/mmBtu of fuel throughput), Share fuelj is the share of process fuel j out of all process fuels consumed during the stage (∑ j Share fuelj = 1), and Share techk,j is the share of combustion technology k out of all combustion technologies for fuel j (∑ k Share techk,j = 1). Combustion technology shares (Share techk,j ) for a given process fuel are influenced by technology performance, technology costs, and emissions regulations for stationary sources. For this study, we assumed combustion technologies and emissions control systems consistent with current conditions. GREET therefore allows for a comprehensive assessment of emissions at all major upstream processes. Adding to these the direct emissions from vehicle operation and refueling activities (expressed in GREET in g/mi after applying appropriate energy-efficiency estimates) allows the generation of total g/mi estimates of the aforementioned pollutants for various transportation technologies. Not all of these emissions occur in urban areas, especially those associated with upstream processes. Total emissions can be partitioned by location (i.e., urban and nonurban) by determining the location of upstream activities (e.g., refinery location). Note that downstream emissions will occur wherever the vehicle miles traveled (VMT) occur. This paper applies urban/nonurban factors discussed in previous GREET analyses to partition total emissions into their urban and nonurban components. 4 Here, urban is classified as metropolitan statistical areas with 1980 populations greater than 250,000, per the definition in the 1992 Energy Policy Act. The analysis assumes urban VMT for downstream emissions.
Upstream Emissions Calculations
Toxic/VOC Fractions. To calculate upstream emissions for the air toxics in this paper, we evaluate each VOC emissions event in the GREET model and apply a toxic/VOC (T/VOC) fraction to transform that VOC emissions event into a toxic emissions event. (An emissions event is any point along the upstream pathway at which VOC emissions occur; the size of the emissions event is a function of fuel type, process technology, and control equipment.) T/VOC fractions represent the toxic component of a particular VOC emissions stream and are specific to each toxic pollutant and emissions event. In the GREET model, the fractions are fixed parameters that are multiplied by VOC emissions levels to calculate toxic emissions. This approach is used for the following reasons:
(1) Under the assumption that T/VOC fractions remain relatively constant as VOC emissions change for a given event, using T/VOC fractions allows us to calculate toxic emissions without having to input new toxic emissions factors every time VOC emissions factors are modified. This approach provides a much more efficient method for conducting sensitivity analysis within the GREET model. (2) Due to data constraints, T/VOC fractions are often the only way to estimate toxics for different emissions events. Toxic emissions data are not always available for each individual stationary and mobile source event. However, if T/VOC fractions can be estimated, then we can use these fractions and the relatively more abundant VOC emissions data to determine total toxic emissions. Indeed, this is the approach that EPA uses for many analyses for similar reasons.
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(3) Using T/VOC fractions allows us to structure the GREET model such that the calculation of toxic emissions is relatively transparent to the user. This benefit will be mostly realized in later work to enhance the user interface for the GREET toxics component. The T/VOC approach requires the acquisition of a multitude of data to determine T/VOC fractions for the many different upstream processes modeled in GREET. The three primary data sources we used for both VOC emissions factors and toxic emissions estimates are (1) the Factor Information Retrieval (FIRE) database, 19 (2) Compilation of Air Pollutant Emission Factors (commonly called the AP-42 document), 20 and (3) locating and estimating emissions documents for each pollutant. [21] [22] [23] [24] Upstream Stages Analyzed. Upstream stages can be categorized into several processes, depicted in Figure 1 . A list of the primary combustion fuels and technologies that are included in our upstream analysis is presented in Wang 4 and Winebrake et al. 25 Noncombustion processes primarily include emissions from fuel refining. These emissions emerge in catalytic cracking, process venting, and fugitive emissions. In addition, evaporative emissions from fuel transfer and fuel storage are also considered in our analysis. We used the above-mentioned databases to calculate these noncombustion toxic emissions directly. The units for these emissions factors are ultimately converted into mg/mmBtu of fuel product throughput. By multiplying these emissions factors by GREET's estimates of product throughput, we were able to calculate total noncombustion toxic emissions directly.
Determining Downstream Emissions
Downstream emissions emanate from vehicle refueling and operation. Similar to our treatment of upstream emissions discussed in the prior section, we employ T/VOC fractions to calculate downstream air toxic emissions. In this approach, we determine toxic emissions by multiplying a vehicle's estimated downstream VOC emissions by a particular pollutant's T/VOC fraction for that vehicle technology. This is a generally accepted method used recently by EPA. 1, 3, 18 It demands that we identify T/VOC fractions for acetaldehyde, benzene, butadiene, and formaldehyde for vehicles operating on the conventional and alternative fuels shown in Table 1 . We consider these fuels in conjunction with vehicle technologies currently in existence or expected to exist within the next several years.
One issue that arose in researching T/VOC fractions for LDVs is the distinction between the following classes of LDVs: LDGV (passenger cars), LDGT1 (light-duty trucks with gross vehicle weight less than 6000 lb), and LDGT2 (light-duty trucks with gross vehicle weight between 6001 and 8500 lb). With respect to reformulated gasoline (RFG), EPA has shown that the differences in T/VOC fractions among these vehicle types are negligible, varying by hundredths of a percent, if at all. 18 Therefore, for this study, we have chosen to conduct the analysis based on LDGV assumptions. More detailed assessment by vehicle class is reserved for future work.
T/VOC fractions for different AFV classes are even more uncertain. No studies have attempted to distinguish T/VOC fractions among these classes; indeed, very few studies estimate toxic emissions from AFVs. With this dearth of data, we are unable to say whether T/VOC fractions from different classes of AFVs would vary significantly. Therefore, similar to conventional vehicles, we assumed that calculations of T/VOC fractions for AFVs can be applied equally to the three vehicle classes.
T/VOC fractions for conventional fuels (i.e., gasoline and diesel) were determined based on existing literature and original analysis using EPA's Unconsolidated Complex Model for Reformulated Gasoline. (The "unconsolidated" model separates emissions by control technology type so that the user can identify T/VOC fractions for different control technologies.) In recent work, EPA estimated toxic/total organic gas fractions for various conventional fuel blends using the Complex Model. 18 For this study, we applied the Complex Model to establish T/VOC fractions for CG, federal RFG Phase 2 (FRFG2), and California RFG Phase 3 (CARFG3). In addition, we evaluated two different types of FRFG2 (FRFG2a and FRFG2b) and CARFG3 (CARFG3a and CARFG3b). The specific differences for these fuels are identified below, and specific fuel formulation parameters are shown in Table 4 .
• CG: an average blend of conventional gasoline sold in non-RFG areas of the country; • FRFG2a: FRFG2 containing 2.1% oxygen by weight and using methyl tertiary butyl ether (MTBE) as an oxygenate; • FRFG2b: FRFG2 containing 3.5% oxygen by weight and using ethanol as an oxygenate; • CARFG3a: CARFG3 with no oxygenate added; and • CARFG3b: CARFG3 containing 2.0% oxygen by weight and using ethanol as an oxygenate. Using these fuel blends, T/VOC fractions were determined assuming three-way catalytic converter technology with fuel injection. (EPA expects 100% of LDVs and more than 90% of LDGTs sold in model year 2001 to be of this type. 18 ) All T/VOC estimates were for tailpipe exhaust emissions except for benzene, in which exhaust and evaporative fractions were determined. Evaporative fractions for benzene included hot soak, diurnal, running loss, and refueling emissions.
For AFVs, we relied on existing data and published research on toxic emissions from these types of vehicles. Table 5 shows the T/VOC fractions that were determined for each of the fuels studied. The notes under the table identify data sources. A more complete discussion of data sources is included in Winebrake et al. 25 
RESULTS

Summary of Results
Our results are presented as per-mile emissions on a fuelby-fuel comparison for each of the toxic pollutants. Table  6 shows total emissions (i.e, urban plus nonurban) in g/mi (for VOCs) and mg/mi (for toxics) for each of three fuel-cycle stages analyzed. (Note that VOC emissions in Table 6 include both exhaust and evaporative emissions, while toxic emissions only represent exhaust emissions, with the exception of benzene, which has an exhaust and evaporative value identified.) The feedstock stage in Table  6 refers to combustion and noncombustion emissions associated with feedstock recovery and TS&D. The fuel stage refers to combustion and noncombustion emissions associated with fuel production and TS&D. Finally, the vehicle stage refers to emissions from vehicle refueling and operation.
In Table 6 , we also include a "combined air toxics emissions" metric, calculated by multiplying each toxic emissions value by its CURE and then dividing the result by the benzene CURE value. We applied the following formula to our results:
where X i is the emissions value for the pollutant, CURE i is the CURE value for the pollutant, CURE benzene is the CURE value for benzene, and X CURE is the benzene-weighted result. As shown in Table 6 , we applied this metric using both EPA and CARB CURE values. Note that upstream stages (feedstock and fuel) contain many upstream activities, each contributing to the per-mile values shown. This fact alleviates some apparent contradictions that appear in the table. For example, consider ethanol fuel blends. Because ethanol plants produce Oxygenate in this case is ethanol, using the "flat limit." 14 animal feeds together with ethanol, emission credits from produced animal feeds are calculated with the so-called displacement method. 37 Thus, corn-based ethanol gains a "VOC credit," represented by a negative VOC value in the table. However, the T/VOC fractions for these creditgenerating activities are quite small, while the fractions are large for other upstream feedstock activities. Thus, the feedstock stage for ethanol shows an overall VOC credit while still demonstrating positive toxic emissions. A detailed discussion of emissions apportionment by fuel stage is provided in Winebrake et al. 25 Figures 3-9 depict per-mile, fuel-cycle emissions for each pollutant and fuel type relative to CG. (Note that the x-axis scales on these graphs are not identical.) These figures can be used to better understand the potential impact that RFG and alternative fuels will have on total toxic emissions. They show both urban and nonurban emissions comparisons, using the aforementioned approach for identifying urban and nonurban emissions. 4 Although these figures were derived from the analysis of passenger cars, we predict that similar results will also hold true for light-duty trucks, although more research is needed in this area. Each figure is discussed in its respective section below.
VOC Results
As shown in Figure 3 , urban VOC emissions are lower for all fuels relative to CG. The gaseous fuels demonstrate reductions in excess of 60%, while the alcohol fuels have close to 20% fewer urban VOC emissions. Even the conventional reformulated fuels show reductions in urban VOC emissions of ~20%. These urban emissions are largely a function of lower downstream VOC emissions.
We see similar results for total emissions (which include many nonurban, fuel production-related processes), with one striking exception-E85 (fuel made with 85% ethanol) vehicles. Total VOC emissions for E85 vehicles are much higher (more than 60%) relative to CG. These emissions are caused by the high VOC levels associated with ethanol fuel production and distribution (see Table 6 ). However, because these emissions are likely to occur outside of urban centers, their overall health and environmental consequences are debatable.
Formaldehyde Results
As Figure 4 shows, formaldehyde emissions demonstrate significant variation depending on the fuel selected. The first noticeable difference is the extremely large increase in formaldehyde for M85 (fuel made with 85% methanol) vehicles (~400% higher than CG). E85 vehicles and compressed natural gas (CNG) vehicles also exhibit large increases relative to CG. These emissions differences are primarily attributable to downstream formaldehyde emissions, as discussed earlier. Formaldehyde emissions from vehicle operation are up to 10 times higher for alcohol-and CNG-fueled vehicles than for CG-fueled vehicles because of the normal combustion products of alcohol fuels and CNG. 38 Even the RFG fuels demonstrate higher formaldehyde emissions because of a combination of the fuel production process and the combustion products of oxygenate additives (ethanol and MTBE). Based on Alternative Fuels Data Center (AFDC) data, using similar analysis as in ref 27; results are consistent with other studies; 30, 34 Note: EV, HEV1, and HEV2 will have no toxic tailpipe emissions. HEVs operating in conjunction with RFG internal combustion engines will have T/VOC fractions identical to the RFG blends discussed above. Formaldehyde emissions in this case are primary emissions and do not include formaldehyde formed as a secondary pollutant in the atmosphere because of VOCs emitted from these vehicles. As discussed earlier, EPA has estimated that up to 40% of formaldehyde in the atmosphere may be attributable to secondary formaldehyde formation. Because CG vehicles have higher urban VOC emissions than do vehicles fueled by alternative fuels (see Figure 3) , we would expect secondary formaldehyde emissions from CG-fueled vehicles to be higher than those from these alternatives. In the future, we will attempt to include secondary formaldehyde formation in the emissions estimates. Despite the relatively higher formaldehyde tailpipe emissions from the alcohol fuels, the values depicted here and listed in Table 6 are still within EPA's proposed Tier II tailpipe emissions standards for formaldehyde. Figure 5 depicts changes in per-mile fuel-cycle acetaldehyde emissions relative to CG. The most substantial increase comes from E85 vehicles (an approximately 1900% increase in total emissions and a 1400% increase in urban emissions). The high acetaldehyde tailpipe emissions generated by E85 vehicles are well documented. 38 As shown in Table 6 , downstream emissions from ethanolfueled vehicles are almost 20 times higher than those from CG-fueled vehicles. The feedstock stage emissions of acetaldehyde are also 10 times greater for E85 than for CG, primarily because of the high upstream VOC emissions for ethanol. CARFG3b and FRFG2b also exhibit higher acetaldehyde emissions, primarily because of the production and combustion of the ethanol oxygenate in these fuels. As expected, the ethanol oxygenate causes a significant increase in acetaldehyde emissions relative to gasoline, especially in urban environments, where vehicle tailpipe emissions dominate. The gaseous fuels demonstrate reductions in acetaldehyde emissions of almost 50%-although their T/VOC fractions for acetaldehyde are higher than those of CG, their total VOC emissions are lower and cancel out the higher fractions. M85 vehicles also exhibit low acetaldehyde emissions relative to gasoline. Because of the relative elimination of VOCs in the entire fuel cycle, EVs show the largest acetaldehyde reductions of all the alternatives. As with formaldehyde emissions, acetaldehyde emissions represent only primary emissions. Secondary acetaldehyde may form through various atmospheric VOC reactions. Therefore, secondary acetaldehyde emissions will likely be smaller for fuels that release fewer VOCs.
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Acetaldehyde Results
2 Unlike formaldehyde emissions, tailpipe acetaldehyde emissions will not be regulated under EPA's Tier II regulations. 39 Although we may expect to see decreases in formaldehyde emissions as the Tier II regulations become effective, we may not see similar reductions for acetaldehyde unless EPA begins to regulate acetaldehyde.
Butadiene Results
As shown in Figure 6 , urban 1,3-butadiene emissions are much lower for all the alternatives relative to CG, except for conventional diesel. As presented earlier, diesel fuel has T/VOC fractions for 1,3-butadiene that are almost twice as high as those for CG, primarily because diesel fuel contains more high-molecular-weight polynuclear aromatic hydrocarbons (PAHs) than does gasoline. These heavier PAH compounds found in diesel provide an abundant source for intermediate cyclic compounds, which ultimately react to form butadiene. 38 Because of the virtual elimination of 1,3-butadiene in the vehicle operations stage of the fuel cycle for gaseous fuels, there are significant butadiene emissions reductions for liquid petroleum gas (LPG) and CNG vehicles. The alcohol fuels also achieve decreases of 70-85%. (Note the differences between urban and total butadiene emissions for E85 vehicles. The graph indicates that most of the butadiene emissions for E85 occur in the nonurban fuel production stages of the fuel cycle.) Figure 7 depicts per-mile fuel-cycle benzene emissions of various alternative fuels relative to CG. In this case, all fuels demonstrate significantly lower emissions; EVs, LPG vehicles, and CNG vehicles achieve close to a 100% reduction. The alcohol fuels demonstrate benzene emissions reductions of more than 85% in the urban environment, attributable mostly to the low levels of benzene in these fuels. The RFGs also show reductions between 38 and 45%, also because of a much lower percentage of benzene than CG. Figures 8 and 9 show each fuel's combined emissions of the four air toxics relative to CG, employing the metric presented earlier. As shown in eq 3, toxic emissions values are modified by multiplying by a factor equal to the emission's CURE divided by the benzene CURE. These values are then added for each fuel and compared to the CG value. This new "benzene-equivalent" combined emissions value can be used to evaluate overall toxic emissions from various fuels adjusted for their toxicity.
Benzene Results
Combined Toxics Results
The combined toxics approach is but one way of many in which relative tradeoffs among air toxics can be considered. We recognize that the calculated values do not represent the relative risk of each fuel. To determine risk levels, researchers would need to address concentrations, toxicity, and exposure. Certainly, atmospheric lifetimes, atmospheric chemistry, and exposure pathways, among other issues, would be important considerations in conducting such an analysis. However, such comprehensive risk analysis is beyond the scope of this paper.
In both the EPA and CARB cases, butadiene is identified as the most toxic pollutant. Butadiene is shown to bẽ 100 times more toxic than acetaldehyde, and 10-30 times more toxic than benzene or formaldehyde. Thus, the "combined toxic emissions" value will be heavily affected by a fuel's relative butadiene emissions.
CURE values for acetaldehyde and butadiene are very similar in the EPA and CARB references. However, CARB assigns a benzene CURE value that is ~3 times higher than EPA's value. And EPA has a formaldehyde CURE that is more than 2 times higher than CARB's value. Thus, the differences we see in Figures 8 and 9 are largely attributable to a particular fuel's relative benzene and formaldehyde emissions. Figure 8 shows that all the fuels studied are less toxic than CG when considering urban emissions. In fact, the gaseous fuels demonstrate an 80% reduction in their combined air toxic emissions value as compared with CG. Alcohol fuels also do well because their higher acetaldehyde emissions are offset by their much lower butadiene emissions as compared with CG. Only E85 shows any increase relative to CG, for "total" emissions, which include much of the nonurban upstream stages of the fuel cycle. Figure 9 shows similar results using the CARB CURE values. In this figure, the fuels we studied demonstrate even higher reductions as compared with CG than in Figure 8 , primarily because the CARB CURE values for formaldehyde and benzene are different than the EPA values. The CARB scenario weighs benzene emissions more heavily than does the EPA scenario. The CARB scenario also weighs formaldehyde emissions less heavily than does the EPA scenario. So fuels that have lower benzene emissions as compared with gasoline (all do) also have lower combined air toxic emissions values using the CARB CURE. Formaldehyde emissions, such as those generated by the alcohol fuels and CNG, are not weighed nearly as heavily. For example, M85, shown as having an ~50% relative reduction in combined toxic emissions in Figure 8 , has an almost 70% reduction in Figure 9 . We also see the total emissions from E85 change from a 5% increase in Figure 8 to an approximately 40% decrease in Figure 9 . This result demonstrates the importance of each individual pollutant's toxicity in assessing the overall air toxic effects of each fuel. 
